The performance of an upflow anaerobic sludge blanket (UASB) reactor operated at ambient temperature (20.9-25.21C) was analysed for the treatment of slaughterhouse wastewater previously pre-treated for solid separation. The experimental work was carried out in a reactor with 15 L effective volume. Four organic loads were applied and the process performance was evaluated. The COD removal rate increased with the load rise from 4 to 15 kg COD.m À3 .d À1 .
INTRODUCTION
Slaughterhouses use large quantities of fresh water in different washing and cleaning operations. The required water volume shows considerable variation within the industry depending on the techniques used, cleaning practices, facility size, automation level and species of livestock slaughtered. These factors also determine the quantity and the characteristics of the wastewaters generated. The effluent produced during the slaughtering process may cause pollution problems due to the high content of animal fat, viscera, soft tissue removed during trimming and cutting, uncollected blood, urine, faeces, soil from hides, cleaning and sanitising compounds (U.S. EPA 2002 EPA , 2004 EC 2005) . Blood presence contributes substantially to the organic matter content in the wastewater and its collection, storage and handling is a key issue for assessment and control. Another significant factor for the organic matter content is the manner in which manure (urine and faeces) is handled at the facility. Generally, manure is separated from the main waste stream and treated as a solid waste. Blood and manure are also significant sources of nitrogen in slaughterhouse wastewaters.
The effluents from slaughterhouses have high TSS and BOD 5 , of 1,510-3,332 mg/L and 3,673-6,404 mg/L respectively (U.S. EPA 2002), and they need appropriate treatment before their discharge to receiving water bodies. Combinations of physical-chemical and biological wastewater treatment methods are required in order to comply with water pollution control regulations (U. S. EPA 2004; EC 2005) . In urban areas the slaughterhouse wastewater is generally discharged to municipal sewage treatment systems after on-site pre-treatment for the removal of suspended solids. In rural areas effluent may be treated on site and then used in irrigation, considering actions for prevention of groundwater pollution.
Anaerobic systems are appropriate for the treatment of wastewaters with high organic loads; the high rate anaerobic treatment systems were initially developed for treatment of wastewaters with soluble organic matter with low and medium load (Rajeswari et al. 2000) . These systems provided only a partial treatment of complex wastewaters containing high fraction of suspended solids, such as slaughterhouse wastewater (Sayed et al. 1984 (Sayed et al. , 1987 . The researches have shifted towards the application of high rate systems, like the upflow anaerobic sludge blanket (UASB), for the complete treatment of agro-industrial wastewaters (Sayed et al. 1993; Borja et al. 1994; Rajeswari et al. 2000; Del Pozo et al. 2002; Torkian et al. 2003; Chaves et al. 2005) . The results showed that, due to the suspended solid entrapment and accumulation, the anaerobic process stability was affected, leading to reduction in the methanogenic activity, sludge flotation and loss of active biomass from the reactor. The presence of fats had similar effects. In addition, it was also reported that anaerobic treatment is sensitive to high organic loading rates (Borja et al. 1998; Nunez & Martinez 1999; Rajeswari et al. 2000) . These disadvantages were the reason for assessing the process performance in stages for separate degradation of the soluble, colloidal and coarse suspended solids fractions of the slaughterhouse wastewater, and to apply appropriate pretreatments for separation of suspended solids and floating fats (Del Pozo et al. 2000; Caixeta et al. 2002) . Other anaerobic systems were proposed and evaluated, such as sequencing batch reactors (Masse & Masse 2001) , integrated anaerobicaerobic fixed-film reactor (Del Pozo & Diez 2005) , fluidisedbed reactor (Borja et al. 1995) and anaerobic hybrid reactor (Buyukkamaci & Filibeli 2002) .
Slaughtering of livestock for meat supply is an important economic activity in Mexico. There are more than 900 slaughterhouses and the cattle meat supply is one of the greatest activities at a national level due to population meat consumption patterns (SAGARPA 2006) . The water management practices commonly employed in the slaughterhouses are frequently inappropriate, large water quantities are required and the wastewater generated is usually disposed without treatment. According to a study carried out by COFEPRIS (2007), only 37.2% of slaughterhouse wastewater is treated, while the remainder is discharged into rivers, lakes or the sewage system. The slaughterhouse chosen for this study is processing almost 36 t live weight killed per day, 65% of which are cattle and the rest pigs. The generated wastewaters (average of 550 m 3 /d) are pretreated and discharged to a small river. Additional treatment is required to meet the water pollution control standards. As indicated above, anaerobic treatment is a good option as a first stage biological treatment of this wastewater. The aim of this study was to determine the removal efficiency and performance of the anaerobic degradation at ambient temperature in an UASB reactor applied for the treatment of slaughterhouse wastewater, previously submitted to screening, flow equalisation and settling.
MATERIALS AND METHODS
The pre-treated wastewater generated in the slaughterhouse selected as a model was characterised before the beginning of the experiments (two samplings) and twice each month during all the experimentation. The preliminary characterisation considered parameters of importance for the anaerobic digestion: TSS, VSS, TDS, VDS, FDS, COD total , COD soluble , BOD 5 total , BOD 5 soluble , O&G, NH 4 -N, N total , P total , phenol, total alkalinity, bicarbonates, chlorides, sulphates, sulphides, Ca, Mg, Na, K, Fe, Mn, pH, temperature and conductivity. Faecal coliforms and faecal enterococcus were also determined. Coagulation method was used to determine the soluble COD and BOD 5 , adding 60 mg/L aluminium sulphate to the sample in order to remove the suspended solids and to determine the COD in the clarified liquid. The rest of the characterisations considered only TSS, VSS, COD total , NH 4 -N, N total , P total , total alkalinity, sulphates and pH.
The experimental work was carried out using an UASB reactor with 18 L total volume and 15 L effective volume (0.15 m internal diameter, 1.30 m height, 0.80 m sludge blanket height). An inverted conic gas-solid-liquid separator was installed in the upper part of the reactor. There were four sludge collection points at different heights of the sludge blanket zone. The UASB reactor was filled with the studied wastewater and inoculated with 11 L anaerobic granulated sludge from an UASB reactor used for treating sugar cane industry wastewater. Granular sludge TSS concentration was 29 kg/m 3 , with VSS/TSS ratio of 0.6. The specific methanogenic activity (SMA) of the inoculum was 1.02 g CH 4 -COD.g VSS À1 .d À1 . The SMA static batch tests were performed using acetic acid as a substrate. A quantity of 250 mL acetic acid solution with a concentration of 4 g COD/L, almost 1 g granular sludge (measured as VSS), 0.1 g of yeast, 0.5 mL of macronutrients, micronutrients and sulphide solutions were added in a 500 ml bottle which was complemented with demineralised and deoxygenated water up to 90% useful volume. The bottle was hermetically sealed and submerged in hot water at constant temperature of 351C70.61C. O, 1,000 mg/L EDTA, 1 mg/L HCl 36% and 500 mg/L resazurin. The sulphide solution contained 100 g/ L Na 2 S.9H 2 O. Methane production was measured by liquid displacement with a 1% w/v sodium hydroxide solution and phenolphthalein as an indicator. SMA was calculated from daily methane production. Two feedings were performed for each sludge sample. The substrate for the first and second feedings was the same.
After the inoculation, reactor operation was started, feeding the wastewater in the bottom by a peristaltic pump and collecting the effluent from the upper part of the reactor. The wastewater used initially during the acclimation period was diluted (1:1) with municipal wastewater obtaining COD soluble of 1,250 mg/L. The dilution was eliminated after 15 days and the COD soluble in the influent to the reactor was 2,1657210 mg/L during the rest of the acclimation stage. Biomass acclimation was performed at relatively low organic load of 1-4 kg COD.m À3 .d À1 . After the process stabilisation, the evaluation at different organic loads and hydraulic residence times was started. Operational parameters for all the experimental stages are summarised in Table 1 . The reactor was operated at ambient temperature, which was constantly measured during the experimentation.
The following parameters were determined twice a week in the influent and in the reactor effluent: COD, TSS, VSS, N total , NH 4 -N, P total and alkalinity (at pH of 4.3 and 5.75). Volatile fatty acids (VFA) were determined based on alkalinity determinations (Jenkins et al. 1991) . Gas chromatography analysis for VFA, using a flame ionisation detector, was performed twice per experimental stage. Temperature, pH and biogas generation were measured daily. Biogas composition was determined by gas chromatography using a thermal conductivity detector. Methane yields were calculated for each experimental stage at standard conditions (01C and 1 atm). Biomass quantity in the reactors was determined based on sludge samples taken from different heights of the reactor. The biomass quantity in the reactor, the biogas composition and SMA were determined at the end of each experimental stage. The SMA test described above was used for all sludge samples. Analysis of COD, TSS, VSS, TKN, N total , NH 4 -N, P total , sulphates, sulphides, faecal coliforms and faecal enterococcus were done according to Standard Methods for Examination of Water and Wastewater 1998. Elemental analyses were performed by atomic-absorption spectroscopy.
RESULTS AND DISCUSSION

Wastewater characterisation
Physical-chemical and microbiological characteristics of the slaughterhouse wastewater after the pretreatment, obtained during the preliminary samplings, are presented in Table 2 . The characteristics of the wastewater determined during all the experimentation are provided in Table 3 . The BOD 5 total /COD total and BOD 5 soluble / COD soluble ratios are 0.77 and 0.45 respectively. That means that the organic matter is biodegradable. The soluble fractions are 44% of the total BOD 5 and 75% of the total COD. Volatile suspended solids represent 82-87% of the TSS in the wastewater. The concentrations of TSS and O&G are lower than those reported for raw slaughterhouse wastewater (U.S. EPA 2004; EC 2005) because of the pretreatment applied, where almost 50% of the TSS and 61% of the O&G were removed.
The wastewater characterisation indicates that N and P concentrations are appropriate for anaerobic biological treatment. The average ratios COD:N:P are 100:6.3:0.49 based on the preliminary characterisations and 100:9.6:0.48 during all the experimentation, when a ratio of 100:1.2:0.17 is suggested as an optimum for anaerobic digestion (Malina and Pohland 1992) . Thus, there is an evident excess of nutrients in the wastewater. The determined concentrations of the inorganic (Malina and Pohland 1992) . The wastewater alkalinity provides enough buffer capacity for the anaerobic digestion.
Process performance
The inoculum acclimation to the new substrate, performed at organic loads in the range of 1-4 kg COD.m À3 .d À1 , required 90 days of operation to reach process stability at a load of 4 kg COD.m À3 .d À1 . Each organic load increase caused efficiency and biogas production decreases. Acidification problems were not observed during the acclimation. Once a stable COD removal of 75-80% with a biogas production of 0.60-0.62 m 3 /kg COD removed was obtained, the process evaluation was started. The obtained results of COD, TSS, N total and P total variation and removals after the acclimation period are presented in Figure 1 , and the average concentrations and efficiencies are summarised in Table 4 . As can be seen in Figure 1 , the COD removal increased with the organic load increase from 4 kg COD.m À3 .d À1 (stage 1) to 15 kg COD.m À3 .d À1 (stage 4), and the process became more stable over time; the influent COD variation did not affect substantially the removal efficiency during the last two stages. The reactor temperature varied between 19.7 and 27.31C and the average temperatures for each experimental stage are reported in Table 4 . The average COD removal was determined as 76% for Stage 1. Problems with the blood recovery in the slaughterhouse caused a drastic COD increase in the wastewater (days 199-225). The produced overcharge reduced by almost 15% the removal efficiency, which reached 88-93% during the first 40 days of Stage 2. The process efficiency increased again after the process The TSS removal was higher during the first two experimental stages (averages of 54 and 55% for stages 1 and 2 respectively) compared with that obtained during the last two experimental stages (averages of 44 and 41% for stages 3 and 4 respectively). This is due to the upflow velocity increase caused by the load rise. Because of the low hydraulic load, the entrapment of suspended solids was greater in proportion during the first two stages. This phenomenon did not affect the methanogenic activity of the biological grains. However, the average COD removals during the first two stages were 3-14% lower than those obtained in the last two stages, in spite of the low organic load of 4 and 7 kg COD.m À3 .d À1 . This result can be attributed partially to the suspended solids entrapment during the first two stages. The organic fraction of the TSS effluent increased from 0.81 (Stage 1) up to 0.95 (Stage 4). In spite of the relatively low upflow velocities used in the experimentation, the TSS concentrations were high in the effluent during all the stages.
The total nitrogen removal was very variable during the experimentation; the average for all the experimental period was 9%, with only 1% difference between the stage averages. Figure 1 9 9 9 9 Variation and removal of COD, TSS, N total and P total during the experimental period.
There was a significant increase of N total concentration in the wastewater during the second experimental stage due to the problems with blood recovery. As can be seen in Figure 1 , this increase affected the N total removal. The nitrogen fraction analyses indicated that NH 4 -N concentrations increased in the effluent compared with the ones in the influent; the average increase was calculated as 3% for all the experimental period. The average organic nitrogen removal was 56%, and the differences between the stage averages were 3-7%. Total phosphorus removal was also very variable; the average for all the experimental period was 22%. There was a 1-2% difference between the averages of first three stages; however, an average of 27% was calculated for the last experimental stage.
The average sulphate reduction obtained in this study was 31%, which is relatively low considering the COD/SO 4 À2 ratio in the wastewater (almost 10). It is known that sulphatereducing bacteria will compete with methanogens and methanogenic consortia for common substrates in sulphatecontaining wastewater submitted to anaerobic treatment (Malina and Pohland 1992) . Compared with methanogens, sulphate-reducing bacteria are much more versatile and subsequently higher sulphate reduction could be expected in the UASB reactor. As described above, an inverted conic gassolid-liquid separator was installed in the upper part of the reactor and part of the water surface was exposed to contact with the air. The effluent was sampled outside of the reactor, so partial sulphide oxidation may be the cause of the relatively high sulphate concentrations in the effluent (average of 220 mg/L). Based on the calculated sulphate reduction, the reduction stoichiometry, as well as considering the biomass S consumption (almost 4 mg/L), the sulphide dissociation in the water and the H 2 S desorption at the operation temperature, a sulphide average of 23 mg/L could be expected in the effluent. The obtained effluent S À2 concentrations were more than 10 times lower than expected. This could be attributed to precipitation phenomena and sulphur accumulation in the sludge, but this cannot be demonstrated since sulphur concentration in the granulated sludge was not determined in this study.
The obtained averages for VFA, alkalinity, VSS in the sludge blanket and the biogas production are also presented in Table 4 . The organic load rise did not increase the VFA concentrations. It has to be mentioned that the VFA concentrations determined by gas chromatography were 19-27% lower than the ones presented in Table 4 , which were obtained based on the alkalinity at pH of 4.3 and 5.75. The alkalinity increased in the anaerobic degradation process. The increase was greater (almost 4%) at loads 4 and 7 kg COD.m À3 .d À1 , and it was almost 2% at loads of 10 and 15 kg COD.m À3 .d À1 . The pH values, however, were always 0.15-0.35 units lower in the effluent. This means that bicarbonates are generated and accumulated during the degradation.
The granulated biomass concentration, measured as VSS sludge , is presented in Table 4 . The values are averages of the results obtained from the four sampling points of the sludge blanket. During the last two experimental stages the concentration of VSS in the sludge blanket decreased slightly due to the higher upflow velocity and higher content of suspended solids in the effluent. The sludge level in the reactor rose almost 0.7 cm per stage, equivalent to a 100 mL sludge volume increase. Sludge extractions of almost 70 mL for analyses were performed at the end of each experimental stage. This way the sludge blanket height was maintained constant during all the experimentation. The calculated sludge retention times (SRT) decreased with the increase of the organic load. As can be seen in Table 4 , the biogas and methane yields, the methane concentration in the biogas, as well as the sludge methanogenic activity increased over the time and with the organic load rise. The methane yields calculated at standard conditions were 68-76% of the theoretical value.
CONCLUSIONS
The UASB reactor, operated at ambient temperature (19.7-27.31C), is a good option for biological treatment of slaughterhouse wastewater previously processed for suspended solid separation. Removal efficiencies of 87% and 90%, with removal rates of 0.70 and 1.1 kg COD.kg VSS À1 .d À1 , can be obtained at organic loads of 10 and 15 kg COD.m À3 .d À1 respectively when the influent TSS is 1,2377521 mg/L and the soluble fraction of the total COD is 75%. More than 40% of the TSS are removed and retained in the reactor, which does not affect the process performance. Nitrogen removal is very variable; more than 50% of the organic nitrogen can be degraded, causing the increase of the ammonia concentration in the reactor effluent. At the indicated operational conditions only 8% of the total nitrogen can be removed, as well as almost 22% of the total phosphorus. The sulphate reduction determined in this study was partial (almost 30%) and the obtained sulphide concentrations in the reactor were lower than 3 mg/L. The total alkalinity of the wastewater, of 7397158 mg/L, is enough to prevent the pH from decreasing below 7.2 for organic loads up to 15 kg COD.m À3 .d À1 . The volatile fatty acids generated during the anaerobic degradation are lower than the suggested limits for process failure and do not cause acidification. The yield coefficient of methane production increased with the load rise, reaching 0.266 m 3 /kg COD removed at 15 kg COD.m À3 .d À1 organic load, which is 76% of the theoretical values for methane yield. The effluent from the UASB reactor requires additional treatment to remove suspended solids, organic matter and nitrogen, and accomplish the requirements for discharge to water bodies.
